Traditional current transformers (CTs) suffer from DC and AC saturation and remanent magnetization in many industrial applications. Moreover, the drawbacks of traditional CTs, such as closed iron cores, bulky volume, and heavy weight, further limit the development of an intelligent power protection system. In order to compensate for these drawbacks, we proposed a novel current measurement method by using Hall sensors, which is called the Hall-effect current transformer (HCT). The existing commercial Hall sensors are electronic components, so the reliability of the HCT is normally worse than that of the traditional CT. Therefore, our study proposes a redundancy mechanism for the HCT to strengthen its reliability. With multiple sensor modules, the method has the ability to improve the accuracy of the HCT as well. Additionally, the proposed redundancy mechanism monitoring system provides a condition-based maintenance for the HCT. We verify our method with both simulations and an experimental test. The results demonstrate that the proposed HCT with a redundancy mechanism can almost achieve Class 0.2 for measuring CTs according to IEC Standard 60044-8.
Introduction
The smart grid is regarded as the next generation of power system, and substation intelligentization is a key technology in smart grids [1, 2] . Regarding the commonly accepted current measurement methods in substation automation, traditional current transformers (CTs) are placed in a gas-insulated switchgear (GIS) to measure the currents, and their outputs are delivered through copper wires to intelligent electronic devices (IEDs) [3] . Practically speaking, traditional CTs encounter several technically unsolved problems (e.g., DC and AC saturation, remanent magnetization). These problems are all caused by the effect of hysteresis of CT iron cores [4, 5] . Traditional CTs also have some physical drawbacks such as large volume and heavy weight, which limits the development and application of power protective systems. In order to solve the saturation problem and speed up substation intelligentization, electronic current transformers (ECTs), a method utilizing new semiconductor materials to design novel sensing technologies, have become one of the main research directions in measurement technologies [6] [7] [8] [9] . Nowadays, some ECT technologies are commercialized, and related standards such as International Electrotechnical Commission (IEC) 61850 have been issued for Most sensing components within ECTs are semiconductor materials, meaning the reliability of ECTs would be worse than that of traditional CTs. Our study focuses on proposing a new redundancy mechanism for the coreless Hall-effect current transformer (HCT) [19] to enhance its reliability. The HCT is a sort of ECT, which places four Hall sensors symmetrically around the measured cable. Based on this sensor placement, the HCT can eliminate the ambient magnetic-field interference. Since there are no iron cores involved, the HCT would not encounter saturation when measuring a large current. In fact, the Hall sensor is also an electronic component, so it is not as reliable as the traditional CT. If one of the four Hall sensors fails, the HCT would not function well, which marks a weakness of HCTs as insufficient persistence. To enable the HCT have sufficient reliability for practical usage, we propose a new redundancy mechanism method. Multiple sensor modules are utilized in this method, and each sensor module consists of multiple Hall sensors. Besides, the algorithm designed for the proposed redundancy mechanism comprises three function units: (1) sensor module condition detection; (2) current measurement; and (3) sensor module failure alarm. First, the sensor module condition detection function unit performs real-time sensor module condition detection. Then, the proper sensor modules are recognized. Finally, the outputs of all proper sensor modules are allowed to be sent to the current measurement function unit to calculate the measured current. The current measurement function unit can average the outputs of all proper sensor modules, and then the average Hall voltage is transformed into an actual current waveform. The current measurement function unit could also further improve the accuracy of the measurement, since the multiple sensor modules can compensate for the measurement error. Moreover, the sensor module failure alarm function unit receives a real-time report from all sensor module conditions. If one sensor module fails, the first phase of alarm will be visualized in the monitoring system, and the failed sensor module is also indicated. If two sensor modules fail, the second phase of alarm will be visualized in the monitoring system; meanwhile, the maintenance engineer is immediately informed to arrange a HCT replacement.
In a word, the redundancy mechanism monitoring system could achieve condition-based maintenance for the HCT, and this maintenance strategy can improve the entire measurement system's reliability and decrease the maintenance costs.
Note that the proposed HCT is mainly placed in the GIS, so the installation environment is steady without dramatic temperature change. Hence, the study is meant to develop a new redundancy mechanism for the HCT, and its measurement performance is our main concern. Additionally, in contrast to other similar industrial applications, the proposed HCT with a redundancy mechanism combines a temperature compensation mechanism, which will enable the system to perform well in a harsh environment. The system could remain stable even if the installation environment has dramatic temperature change.
The remainder of this paper is organized as follows. Section 2 assesses the amount of sensor modules and analyzes the sensing structure. In Section 3, a series of simulations are carried out to estimate the measurement accuracy of the HCT with a redundancy mechanism in a three-phase system. Section 4 describes the design and the implementation of proposed redundancy mechanism. In Section 5, lab experiments using a three-phase current measurement system are presented. Finally, this paper is concluded in Section 6.
Hall-Based Electronic Current Transformer
When an energized semiconductor is placed in a magnetic field space, moving charge carriers will gather in both sides of the original moving path due to the Lorentz force. Hence, there will be an electric field existing between both sides of the semiconductor. Finally, a potential difference, called Hall voltage, will be formed due to the electric field [20] . Hall sensors are often applied for physical detection, such as for magnetic field, current, position, angle, rotation speed, and direction. Generally, sensing materials of the commercial Hall sensors are mainly InSb, InAS, GaAs, Ge, and Si, and InSb, and GaAs demonstrates the best performance. Also, regarding the Si-based Hall sensor, the integrated circuit with built-in compensation circuits can reduce output noise and strengthen sensitivity [21] . Hence, Si becomes a widely used material for Hall sensors. In recent years, published research works related to Hall sensors can be classified into two parts: sensor property enhancement and application performance improvement. Since the sensitivity and the quiescent output voltage of Hall sensors are influenced by the ambient temperature, a few previous works [22, 23] focused on how to resolve the thermal drift problems. Additionally, current measurement is one of the main applications related to Hall sensors, and most researches focused on the small current measurement [24] or the large current (fault current) measurement in the three-phase power systems [19, 25] .
When an electric current flows through a power cable, there is a magnetic field around the power cable and the magnetic field intensity is directly proportional to the current waveform magnitude. Some technologies based on Hall sensors have been proposed for current measurement, called Hall-effect transducers [24, 26] . However, these transducers still strongly depend on iron cores, so the problem of core saturation cannot be avoided. The size of these transducers is almost the same as the bulk volume of traditional CTs. Furthermore, the authors in [27] proposed a Hall-effect current measurement method without iron cores. However, this method integrated a measured conductor and Hall sensor into a common printed circuit board. Thereby, its isolation and anti-interference ability are not sufficient.
In a three-phase power system, there is serious magnetic field interference in the space. Regarding the designs concentrating on the magnetic field measurement without using iron cores, the previous works [19, 28] recently proposed a coreless Hall-effect current transformer, called an HCT. In this design, four Hall sensors are placed symmetrically around the measured cable without an iron core, and the ambient magnetic field interference can be effectively eliminated by averaging the outputs of these four Hall sensors. Finally, the measured current can be accurately calculated by using the Biot-Savart Law for a long, straight cable. The formula is shown in (1) [29] 
where r is the distance between the center of the measured cable and the Hall sensor, B denotes the magnetic flux density at the distance r from the measured cable center, I is the measured current, and µ 0 denotes the permeability of free space.
In fact, some studies [30] [31] [32] also proposed symmetrical arrangement methods to improve the accuracy of current measurement with different kinds of magnetic field sensors. However, a three-phase system is not taken into consideration. The magnetic-field interference in the substation, especially from other two phase currents, has not been analyzed when designing the current sensors. Additionally, one study [33] presented a current measurement for three-phase busbars using magnetic sensor arrays, but the method requires a complicated optimization of the sensor positions and orientations using the D-optimality criterion and particle swarm optimization (PSO) technique.
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In fact, some studies [30] [31] [32] also proposed symmetrical arrangement methods to improve the accuracy of current measurement with different kinds of magnetic field sensors. However, a threephase system is not taken into consideration. The magnetic-field interference in the substation, especially from other two phase currents, has not been analyzed when designing the current sensors. Additionally, one study [33] presented a current measurement for three-phase busbars using magnetic sensor arrays, but the method requires a complicated optimization of the sensor positions and orientations using the D-optimality criterion and particle swarm optimization (PSO) technique.
Based on the sensing technology of the HCT, we developed a novel HCT with a redundancy mechanism. The proposed HCT consists of multiple sensor modules, and each sensor module consists of four Hall sensors, a weighted adder, and a voltage follower as shown in Figure 1 . Four Hall sensors are utilized to measure the magnetic field produced by the measured current, and then the weight adder performs the average operation of the outputs from the four sensors. Finally, in order to avoid the load effect, a voltage follower is placed between the output of the weighted adder and the back-end data acquisition system. Moreover, the proposed HCT is meant for a 110 kV power system with a rated current of 600 A. 
Design of Redundancy Mechanism for the Proposed HCT
To enhance the reliability of the measurement system, the study uses multiple sensor modules to design the redundancy mechanism for the proposed HCT. In each sensor module, if a single Hall sensor cannot function well, the output of this sensor module will be removed from the measured current calculation. The HCT would perform the average of all waveforms generated by the rest of the sensor modules which work properly. The design of redundancy mechanism can also compensate 
To enhance the reliability of the measurement system, the study uses multiple sensor modules to design the redundancy mechanism for the proposed HCT. In each sensor module, if a single Hall sensor cannot function well, the output of this sensor module will be removed from the measured current calculation. The HCT would perform the average of all waveforms generated by the rest of the sensor modules which work properly. The design of redundancy mechanism can also compensate for the HCT measurement errors, meaning the accuracy of the proposed HCT will be guaranteed and improved.
Before designing the redundancy mechanism, this study analyzes the potential options for the HCT sensing structure (e.g., single layer and double layers) and assesses the accuracy and reliability of sensor modules. In order to increase the simulation's realism, the real noise of Hall sensors is added. Twenty-four Hall sensors are tested to measure the noises. The results are as shown in Figure 2 . There are three noises distributed above the blue dotted line, and sensor index for these three results are 2, 3, and 21. Since these three noises are significantly larger than others, which could be regarded as outliers, they will not be involved in the simulation. After removing the noise outliers, we gather the twelve largest noises from the twenty-one sensors in Figure 2 to conduct the simulation. for the HCT measurement errors, meaning the accuracy of the proposed HCT will be guaranteed and improved. Before designing the redundancy mechanism, this study analyzes the potential options for the HCT sensing structure (e.g., single layer and double layers) and assesses the accuracy and reliability of sensor modules. In order to increase the simulation's realism, the real noise of Hall sensors is added. Twenty-four Hall sensors are tested to measure the noises. The results are as shown in Figure 2 . There are three noises distributed above the blue dotted line, and sensor index for these three results are 2, 3, and 21. Since these three noises are significantly larger than others, which could be regarded as outliers, they will not be involved in the simulation. After removing the noise outliers, we gather the twelve largest noises from the twenty-one sensors in Figure 2 to conduct the simulation. 
Sensing Structure and Sensor Module Amount
Concerning the sensing structure for multiple sensor modules, the study proposes two designs: single-layer structure and double-layer structure. The two designs are analyzed in a single-phase system. Moreover, the power cable geometry used in the simulation refers to an actual 100-kV GIS specification. The distance between two phases is 0.274 m, the cable radius is 0.015 m, and the rated current is 600 A.
Double-Layer Sensing Structure
The proposed double-layer sensing structure is shown in Figure 3 . The measured cable is located in the center of the ECT. There are two concentric-circle sensing layers, and each layer has three sensor modules. In these two layers, each sensor module consists of four Hall sensors, which are marked in the identical colors and distributed symmetrically around the measured cable. There is a gap between the measured cable and the internal layer due to the insulation requirement. 
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Sensing Structure and Sensor Module Amount
Double-Layer Sensing Structure
The proposed double-layer sensing structure is shown in Figure 3 . The measured cable is located in the center of the ECT. There are two concentric-circle sensing layers, and each layer has three sensor modules. In these two layers, each sensor module consists of four Hall sensors, which are marked in the identical colors and distributed symmetrically around the measured cable. There is a gap between the measured cable and the internal layer due to the insulation requirement. In this subsection, all sensing structure failure situations are taken into consideration when estimating the accuracy of the HCT. However, there are too many scenarios of double-layer sensing structure failure. Therefore, actual sensor errors are ignored in the simulation. The simulation results are shown in Table 2 . The accuracy of the external-layer sensor modules is inferior to the accuracy of the internal-layer sensor modules. In particular, Case 15 only preserves one proper sensor module in the external layer, which provides the largest error in Table 2 . Consequently, if there are proper sensor modules working in both layers simultaneously, the external-layer sensor module may result in the degradation in the accuracy of the HCT. The external-layer sensing module is not able to improve the accuracy of the HCT, and the double-layer structure requires a sophisticated back-end circuit and costs more. Therefore, to address the above concerns, we redesigned the sensing structure. In this new design, called a single-layer sensing structure, the external layer is removed. Only the internal layer with three sensor modules is retained. Moreover, actual sensor errors are added to simulate reality. The accuracy of the proposed HCT with a single-layer sensing structure is assessed according to IEC 60044-8 [34] . According to the accuracy class test requirement listed in IEC 60044.8, the test items include 5%, 20%, 100%, and 120% of the rated current (30 A, 120 A, 600 A, and 720 A, respectively). In fact, the test of 5% rated current is the most difficult due to the signal-to-noise ratio (SNR). Therefore, only the accuracy of the proposed HCT in the 5% rated current is shown in Table 3 . The proposed HCT with a single-layer sensing structure can satisfy Class 0.2 in each case. When two or more proper sensor modules exist, the current error can be corrected, and then the accuracy of the HCT can be improved. Even though only one sensor module works properly, the accuracy of the HCT can still keep the same class. Hence, the reliability of the HCT is promoted and its persistence is lengthened as well. Without iron cores, the most serious magnetic-field interference in an HCT originates from another two phase currents. After redesigning the HCT sensing structure, the HCT accuracy could be evaluated in an actual three-phase system. As shown in Figure 4 , three-phase cables are arranged in a triangular form, and each phase cable is considered as a long straight conductor. Three-phase currents are defined as i R = I m cos(ωt), i S = I m cos(ωt − 120 • ), and i T = I m cos(ωt + 120 • ). The distance d between any two phases is settled according to an actual 110-kV GIS with the rated current of 600 A. We only demonstrate the results for 5% rated current in Table 4 , since this scenario is hard to carry out regarding the SNR issue. From the results in Table 4 , we conclude that the proposed HCT with a single-layer sensing structure can satisfy Class 0.2 in each case. With the design of multiple sensor modules, the accuracy of the proposed HCT can always keep the same class even though only one sensor module works properly. Hence, the reliability of the HCT is guaranteed and its persistence is improved as well.
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Balanced Three-Phase System
Without iron cores, the most serious magnetic-field interference in an HCT originates from another two phase currents. After redesigning the HCT sensing structure, the HCT accuracy could be evaluated in an actual three-phase system. As shown in Figure 4 , three-phase cables are arranged in a triangular form, and each phase cable is considered as a long straight conductor. Three-phase currents are defined as = cos , = cos − 120° , and = cos + 120° . The distance d between any two phases is settled according to an actual 110-kV GIS with the rated current of 600 A. We only demonstrate the results for 5% rated current in Table 4 , since this scenario is hard to carry out regarding the SNR issue. From the results in Table 4 , we conclude that the proposed HCT with a single-layer sensing structure can satisfy Class 0.2 in each case. With the design of multiple sensor modules, the accuracy of the proposed HCT can always keep the same class even though only one sensor module works properly. Hence, the reliability of the HCT is guaranteed and its persistence is improved as well. When a single line-to-ground fault occurs, the fault current will cause the most serious magnetic field interferences among phases. In this simulation, we assume a single line-to-ground fault occurs in the R phase, and the fault current is up to 18 kA. In steady state, the R phase current is full-load current and other two phase currents are quarter-load current. The simulation results are listed in Table 5 . The maximum composite error of the proposed HCT is smaller than 5% in each case when the fault current is 30 times than the rated current. From the simulation results, we could conclude that with the design of multiple sensor modules, the accuracy of the proposed HCT can still maintain the Class 5P30 for the protective CT, even if only one sensor module works properly. 
Unbalanced Three-Phase System
When a single line-to-ground fault occurs, the fault current will cause the most serious magnetic field interferences among phases. In this simulation, we assume a single line-to-ground fault occurs in the R phase, and the fault current is up to 18 kA. In steady state, the R phase current is full-load current and other two phase currents are quarter-load current. The simulation results are listed in Table 5 . The maximum composite error of the proposed HCT is smaller than 5% in each case when the fault current is 30 times than the rated current. From the simulation results, we could conclude that with the design of multiple sensor modules, the accuracy of the proposed HCT can still maintain the Class 5P30 for the protective CT, even if only one sensor module works properly. 
Implementation of the Redundancy Mechanism
Hardwire
The implementation of the proposed redundancy mechanism is shown in Figure 5 . The hardwire design contains three sensor modules, a voltage regulator and a redundancy mechanism monitoring system. Each sensor module consists of four Hall sensors and one back-end sensing processing circuit. As shown in Figure 1 , the back-end sensing processing circuit contains a weighted adder and a voltage follower. The weighted adder averages the outputs from four Hall sensors. The average operation is defined in (2) . A +5 V power source for Hall sensor and a ±12 V power source for the operational amplifier (OPA) circuit are all supplied by the voltage regulator. The voltage regulator is supplied by a DC power supply. The redundancy mechanism monitoring system is used to acquire all measured signals from sensor modules, and then perform the function algorithm of the redundancy mechanism based on LabVIEW software (2013 Full Development System, National Instruments, Austin, TX, USA). 
Implementation of the Redundancy Mechanism
Hardwire
The implementation of the proposed redundancy mechanism is shown in Figure 5 . The hardwire design contains three sensor modules, a voltage regulator and a redundancy mechanism monitoring system. Each sensor module consists of four Hall sensors and one back-end sensing processing circuit. As shown in Figure 1 , the back-end sensing processing circuit contains a weighted adder and a voltage follower. The weighted adder averages the outputs from four Hall sensors. The average operation is defined in (2) . A +5 V power source for Hall sensor and a ±12 V power source for the operational amplifier (OPA) circuit are all supplied by the voltage regulator. The voltage regulator is supplied by a DC power supply. The redundancy mechanism monitoring system is used to acquire all measured signals from sensor modules, and then perform the function algorithm of the redundancy mechanism based on LabVIEW software (2013 Full Development System, National Instruments, Austin, TX, USA). Figure 5 . Implementation of the proposed HCT with redundancy mechanism.
Software
The LabVIEW-based redundancy mechanism monitoring system (2013 Full Development System, National Instruments, Austin, TX, USA) has three function units, including the sensor module condition detection, the measurement function, and the sensor module failure alarm. All units are introduced as follows:
Sensor Module Condition Detection Function Unit
The flowchart of the sensor module condition detection function unit is shown in Figure 6 . The function unit determines the sensor module conditions by detecting the DC level of Hall voltages. During the normal operation, the DC level of the selected Hall sensors is limited between 2.4 V and 2.6 V [35] . We settle this range as a reference to determine the sensor module conditions. When the DC level of Hall voltage output from the sensor module is detected to be out of the reference, this Hall voltage is isolated and is not used for the final average calculation. In the meantime, the detection results are reported to the monitoring system. The failed sensor module will be marked in the human machine interface (HMI) panel. The LabVIEW-based redundancy mechanism monitoring system (2013 Full Development System, National Instruments, Austin, TX, USA) has three function units, including the sensor module condition detection, the measurement function, and the sensor module failure alarm. All units are introduced as follows:
The flowchart of the sensor module condition detection function unit is shown in Figure 6 . The function unit determines the sensor module conditions by detecting the DC level of Hall voltages. During the normal operation, the DC level of the selected Hall sensors is limited between 2.4 V and 2.6 V [35] . We settle this range as a reference to determine the sensor module conditions. When the DC level of Hall voltage output from the sensor module is detected to be out of the reference, this Hall voltage is isolated and is not used for the final average calculation. In the meantime, the detection results are reported to the monitoring system. The failed sensor module will be marked in the human machine interface (HMI) panel. 
Current Measurement Function Unit
The flowchart of the current measurement function unit is shown in Figure 7 . First, the function unit reads Hall voltages output by sensor modules which are measured by the data-acquisition card. The magnetic fields are calculated from the Hall voltages according to the Hall-sensor sensitivity. Then, the current measured by each sensor module is calculated based on the magnetic fields using (1) . Based on the result of the sensor module condition detection function unit, only the calculated currents from the proper sensor modules are adopted for the final average calculation. The final average value is defined as the measurement result of the proposed HCT. 
The flowchart of the current measurement function unit is shown in Figure 7 . First, the function unit reads Hall voltages output by sensor modules which are measured by the data-acquisition card. The magnetic fields are calculated from the Hall voltages according to the Hall-sensor sensitivity. Then, the current measured by each sensor module is calculated based on the magnetic fields using (1) . Based on the result of the sensor module condition detection function unit, only the calculated currents from the proper sensor modules are adopted for the final average calculation. The final average value is defined as the measurement result of the proposed HCT. The LabVIEW-based redundancy mechanism monitoring system (2013 Full Development System, National Instruments, Austin, TX, USA) has three function units, including the sensor module condition detection, the measurement function, and the sensor module failure alarm. All units are introduced as follows:
Sensor Module Condition Detection Function Unit
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Sensor Module Failure Alarm Function Unit
The flowchart of the sensor module failure alarm function unit is shown in Figure 8 . This function unit should go with the sensor module condition function unit to implement the failure alarm. The monitoring system checks each sensor module condition during the normal operation. When detecting any single failed sensor module, the monitoring system shows the first phase of alarm and indicates the failed sensor module. In the case of finding two failed sensor modules, the monitoring system shows the second phase of alarm and the maintenance engineer is immediately notified to arrange an HCT replacement. The flowchart of the sensor module failure alarm function unit is shown in Figure 8 . This function unit should go with the sensor module condition function unit to implement the failure alarm. The monitoring system checks each sensor module condition during the normal operation. When detecting any single failed sensor module, the monitoring system shows the first phase of alarm and indicates the failed sensor module. In the case of finding two failed sensor modules, the monitoring system shows the second phase of alarm and the maintenance engineer is immediately notified to arrange an HCT replacement. 
Measurement Results and Discussion
A three-phase current measurement system is designed to test the proposed HCT with the redundancy mechanism. As shown in Figure 9 , three single-phase autotransformers are used to energize other three transformers. The secondary winding of the second transformer is only one turn. When this turn is closed, the secondary winding can produce a large current. The distance between any two phases is settled to be 0.274 m according to a 110-kV GIS. The rated current is 600 A. The proposed HCT is installed in R phase to test its accuracy class in the single-phase system and in the three-phase system. During the tests, a Class-0.1 and 600/5-A traditional CT is selected as a reference instrument. 
Single-Phase Current Measurement
Measurement Results and Discussion
A three-phase current measurement system is designed to test the proposed HCT with the redundancy mechanism. As shown in Figure 9 , three single-phase autotransformers are used to energize other three transformers. The secondary winding of the second transformer is only one turn. When this turn is closed, the secondary winding can produce a large current. The distance between any two phases is settled to be 0.274 m according to a 110-kV GIS. The rated current is 600 A. The proposed HCT is installed in R phase to test its accuracy class in the single-phase system and in the three-phase system. During the tests, a Class-0.1 and 600/5-A traditional CT is selected as a reference instrument. The flowchart of the sensor module failure alarm function unit is shown in Figure 8 . This function unit should go with the sensor module condition function unit to implement the failure alarm. The monitoring system checks each sensor module condition during the normal operation. When detecting any single failed sensor module, the monitoring system shows the first phase of alarm and indicates the failed sensor module. In the case of finding two failed sensor modules, the monitoring system shows the second phase of alarm and the maintenance engineer is immediately notified to arrange an HCT replacement. 
A three-phase current measurement system is designed to test the proposed HCT with the redundancy mechanism. As shown in Figure 9 , three single-phase autotransformers are used to energize other three transformers. The secondary winding of the second transformer is only one turn. When this turn is closed, the secondary winding can produce a large current. The distance between any two phases is settled to be 0.274 m according to a 110-kV GIS. The rated current is 600 A. The proposed HCT is installed in R phase to test its accuracy class in the single-phase system and in the three-phase system. During the tests, a Class-0.1 and 600/5-A traditional CT is selected as a reference instrument. Figure 9 . Measurement system framework.
Single-Phase Current Measurement
In the test of the single-phase current measurement, only the R phase is energized to produce the testing current. The measurement results, including outputs from all sensor modules and the HCT in all sensor module failure conditions, are listed in Table 6 . In order to simplify the discussion in all experiments, one sensor module failure means that the 3rd sensor module fails; two sensor modules failure means the 2nd and 3rd sensor modules fail. From the results in Table 6 , the accuracy of each sensor module satisfies the Class 0.5 requirements, and the accuracy of the proposed HCT without any failed sensor module can almost achieve Class 0.2. If one or two sensor modules fail, the proposed HCT can still guarantee Class 0.5. Therefore, we could conclude that our design for the redundancy mechanism not only extends the life time of the proposed HCT, but also improves the accuracy class of the proposed HCT in case of module failure. 
Balanced Three-Phase Current Measurement
Three-phase current measurement includes a balanced three-phase test and an unbalanced three-phase test. Regarding the balanced test, three-phase currents are settled to the rated current of 600 A. Test results are listed in Table 7 . The current errors of the proposed HCT in the balanced three-phase current test are similar to the results of the single-phase current test. Hence, the proposed HCT with the redundancy mechanism is capable of resisting the three-phase magnetic field interference. Even in an extreme case, when only one sensor module can work properly, the accuracy of the HCT can still maintain the same class for the single-phase current measurement results. 
Unbalanced Three-Phase Current Measurement
Regarding the unbalanced three-phase current measurement, three phase currents tests are conducted in three scenarios, including (1) R phase: 600 A, S phase: 300 A, T phase: 150 A; (2) R phase: 300 A, S phase: 150 A, T phase: 600 A; (3) R phase: 150 A, S phase: 600 A, T phase: 300 A. The proposed HCT is installed in the R phase, and test results are listed in Table 8 . The current errors in the unbalanced current tests are slightly larger than the results in the balanced tests. The reason is that other unbalanced two-phase currents suffer from serious magnetic field interference. Fortunately, the design of the redundancy mechanism has the ability to improve the HCT accuracy. In fact, even if only one sensor module can work properly, the error of HCT for the 600-A test in R phase can still be smaller than 0.2%. 
Conclusions
A novel redundancy mechanism for lengthening the life of the HCT is proposed in this paper. Multiple sensor modules are adopted to design a single-layer sensing structure. The function algorithm programmed into three units of the redundancy mechanism is implemented in the redundancy mechanism monitoring system. This monitoring system performs real-time sensor module condition detection. The monitoring system could achieve a condition-based maintenance for the proposed HCT, so the measurement system's reliability can be improved and guaranteed.
A series of tests have been conducted, which include a single-phase current and balanced/ unbalanced three-phase currents. The test results demonstrate that the proposed redundancy mechanism can effectively improve the accuracy of the HCT and lengthen the lift time of the HCT as well, even if the system encounters extreme working conditions (e.g., only one sensor module working properly).
The main contributions of this research work are (1) a new redundancy mechanism for the HCT is proposed to increase its persistence and to promote its reliability; (2) condition-based maintenance is realized for the proposed HCT; (3) the proposed HCT with a redundancy mechanism can also improve the original measurement accuracy; (4) the proposed HCT with a redundancy mechanism can almost reach Class 0.2 according to the IEC standard 60044-8; (5) even if only one sensor module works properly, the HCT can still maintain Class 0.5; (6) the complete process of designing and implementing the redundancy mechanism are demonstrated; and (7) the proposed HCT with a redundancy mechanism has economic and volume advantages in terms of potentially replacing traditional CTs and other ECTs.
